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Synergistic effect of Fe and Ga incorporation into
ZSM-5 to increase propylene production in the
cracking of n-hexane utilizing a
microchannel reactor

Mohsen Rostami Sakha,ab Saeed Soltanali, *b Darush Salari,a Mehdi Rashidzadehb

and Parya Halimitabriziac

In the present study, the effect of various amounts of Fe and Ga in the catalytic cracking of n-hexane in

a microchannel reactor was investigated using experimental design by the D-optimal method. Nano

zeolites incorporated with Fe and Ga metals were synthesized in a fluorine environment to investigate

the synergistic effect of the metals on the textural and acidic properties of the catalysts, which

ultimately improved the performance of the synthesized catalysts in the efficient production of light

olefins, in particular propylene. Three synthesis parameters including the Si/Al, Si/Fe and Si/Ga ratios

were considered as the main factors to determine the optimal conditions for obtaining the maximum

conversion of n-hexane, yield of light olefins, and P/E ratio and minimum yield of alkanes as the

responses. In sample FeGa-1, the P/E ratio reached 3.97, indicating the significant effect of the

substituted metals in improving the desirable routes for propylene production. According to the results

of the acidic properties, Fe, Al and Ga increased the number of total acid sites and the strengths of

strong and weak acid sites, respectively. In addition, according to the results obtained from sample

FeGa-7, the synergistic effect of Fe and Ga increased the number of weak acid sites.

1. Introduction

As expected, light olefins with a trade of about $1 trillion by
2025 are one of the main chemical products. Meanwhile, the
global demand for propylene surpasses that of ethylene as the
U.S.A’s second largest produced chemical, doubling the importance
of increasing the production efficiency of this raw material widely
used in the production of chemicals, including polypropylene,
acrylonitrile, propylene epoxide and acetone.1–5 Conventional
methods for light olefin production include methanol to olefin
conversion (MTO), steam cracking of naphtha (SCN) and fluid
catalytic cracking (FCC).6–9 As propylene is a byproduct of olefin
production processes, the need for technologies which increase the
production efficiency of propylene is felt. In other words,
on-purpose production of propylene should be achieved through
using novel reactors and catalysts.10,11 The SCN process cannot
meet the needs of the global market for propylene as the main

propylene production process due to emission of greenhouse
gases such as CO2, high energy consumption at high temperatures
(4800 1C) and the low propylene/ethylene ratio.12 One of the
approaches to overcome the limitations of this process is the
utilization of stable and efficient catalysts.

Shape selective catalysts as solid acids are suitable choices
for this process because they increase the selectivity to the
desired products by sieving the reactants, intermediates and
products based on their pore structure and size.13–16 The ZSM-5
zeolite, which consists of tetrahedral units causing negative
charges in the lattice by bonding Si atoms to Al atoms via
oxygen bridges, is the most commonly used MFI topology in
isomerization, cracking, aromatization and alkylation
processes.17–19 By neutralizing the negative charges by cations
(K+, Na+, Cs+, Li+ and H+), Brønsted acid sites (BAS) will
form.20,21 ZSM-5 has 12 orthorhombic distinct T-sites in which
sites T4, T10 and T8, T11 are accessible on the sinusoidal and
straight channels, respectively.14,22

The framework Al position and distribution in high-Si
zeolites are not random or controlled by statistical rules.23,24

Since most of the acid sites are Al-dependent, their positioning
at different T-sites affects the catalytic performance of the
zeolites.25 Al forms Lewis acid sites (LAS) by being located
outside the zeolite structure (extra-framework Al).13,26,27
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Framework Al changes the accessibility of steric molecules as
well as the acidic strength by incorporating in different
T-sites.28 BAS (tetrahedral framework Al) alter the enthalpic
and entropic effects and selectivity of products through incor-
poration in straight and sinusoidal channels or intersections.21

Investigations have proved that the incorporation of BAS in the
channels encourages an alkene-based cycle and propylene
selectivity in the MTO process. In addition, the propylene
selectivity was also increased in the cracking of alkanes and
alkenes by incorporation of Al in the channels.19,29–33 The
combination of using TPAOH, colloidal silica,30,31,34

NH4F11,35,36 and Na+ as the organic structure directing agent
(OSDA), Si source, mineralizer and inorganic compensating
cation, respectively, results in more incorporation of Al and
possibly other metals in the channels.10,17,30,37

Conventional zeolites are predominantly microporous, limiting
the transport of reactants, intermediates and products. Various
methods including the preparation of nano-sized, mesoporous and
hollow zeolites have been developed to overcome the limitations of
mass transfer.38 Mesoporous structures increase the activity and
selectivity to the desired products by facilitating access to acid sites
and rapid exit of the main products produced, and avoiding
side reactions and formation of aromatics as precursors of coke
deposition. On the other hand, the size of the cavities formed in
hierarchical structures should not be too large because larger
cavities will form larger molecules such as BTX and decrease the
propylene selectivity.2,3,8,31,39–44 Hard-templating, post-treatment
and soft-templating are common methods to form hierarchical
structures. Various groups have recently reported novel methods
for the synthesis of hierarchical ZSM-5 by optimization of the
gelation and crystallization conditions as well as synthesis in
fluoride medium as the nucleation and/or mineralization
agent.31,34,45

One of the main approaches to increase the yield of light
olefins and the lifetime of zeolites is the modification of the
acidity using various elements. Conventional methods for
metal modification are impregnation (wet or dry) and ion
exchange. Another method to modify the structural and acidic
properties of zeolites is incorporation. Meanwhile, the ion
exchange and impregnation methods often cause the formation
of extra-crystalline metal oxides.46 The incorporation of Fe and
Ga improves the selectivity of light olefins and the stability of
ZSM-5 by reducing the acidic strength. On the other hand, the
higher distribution of extra-framework Ga species, which exist
in various forms of Ga+, GaO+, Ga2O2

2+, GaH2
+, GaH2+,

Ga(OH)2
+ and GaH(OH)+, improves the selectivity of arenes by

enhancing dehydrogenation reactions near protonic sites.47–57

Experimental design methods have been used in catalytic
fields for many years, including the design of catalytic reactors,
the formulation and preparation of catalysts, and the kinetic
modeling of catalysts. The purpose of experimental design can
be achieved by repeating the experiments several times so that
each of the parameters which affect the synthesis can be
examined alone along with constant consideration of the other
parameters. This means that without the use of experimental
design, the required time and labor during the process of

achieving the optimal catalyst composition is significantly
increased. This in turn leads to an increase in the use of raw
materials, and, due to the possibility of consumables being
toxic in the production of catalysts, increasing the amount
of consumption of these materials can lead to irreparable
damage to the environment. Experimental design methods
define an experimental area (the range of parameter values)
in which a mathematical model is defined to estimate the effect
of the survey parameters. The D-optimal experimental design
method, as the most up-to-date method, is used in cases where
the test areas are irregular, pre-designed tests should be added
to the design tables, the quantitative factors have more than 2
levels, the number of tests should be reduced and special
regression models should be adapted, and process and mixing
factors must be used simultaneously in a design.58–60

In this investigation, the synergistic effect of Fe and Ga
incorporation into the zeolite structure in the catalytic cracking
of n-hexane as well as the acidic and structural properties have
been investigated for the first time. Microchannels were used as
novel reactors to increase the activity and stability of the
obtained catalysts by enhancing mass and heat transfer. XRD,
FE-SEM, EDX elemental mapping, BET, NH3-TPD and H2-TPR
analyses were applied to determine the intrinsic properties of
the synthesized catalysts. The D-optimal method was also used
in the experimental design of 12 experiments to demonstrate
the effect of the Si/Al, Si/Fe and Si/Ga factors on the four
responses. The valid interactions of the variable factors in the
conversion, yield of light olefins, P/E ratio and yield of alkanes
were determined as the responses. Moreover, the optimum
conditions for maximum production of propylene via n-hexane
cracking were estimated.

Table 1 Investigated parameters and their levels

Factor Name Type Low level (�1) High level (+1)

A Si/Al Numerical 100 400
B Si/Fe Numerical 100 400
C Si/Ga Numerical 100 400

Table 2 The responses and experimental design for three independent
variables

Run

Factors

Conversion (%)

Responses

A B C
Alkane
yield (%)

(C=
2 + C=

3)
yield (%) P/E

1 400 220 279 71.4 18.9 37.3 3.97
2 400 400 100 89.6 22.4 51.2 2.83
3 221 400 279 93.6 27.2 51.1 2.52
4 213 213 287 85.3 25.1 44.7 2.97
5 310 317 175 87.3 20.5 50.1 3.62
6 291 100 400 73.6 19.1 39.4 3.48
7 400 100 100 79.8 18.1 44.4 3.52
8 222 222 100 96.0 25.8 52.0 2.13
9 100 100 203 84.4 22.9 45.4 3.48
10 100 400 100 97.3 27.9 52.9 1.92
11 100 100 395 84.4 23.3 45.1 2.74
12 100 294 400 95.3 30.4 49.0 1.95
13 400 400 400 79.2 23.5 40.0 3.20
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2. Experimental
2.1. Catalyst preparation

Zeolites were hydrothermally synthesized in fluoride medium.
Aluminum sulphate (Al2(SO4)3�18H2O, Merck Chemical Co.)
and colloidal silica (40 wt% SiO2, Aldrich Chemical Co.) were used
as Al and Si sources, respectively, to increase the incorporation of Al
in the framework. The main molar composition of the solutions
was SiO2:xAl2O3:yFe2O3:zGa2O3:0.2TPAOH:0.19Na2O:0.205NH4F:
32H2O (x, y and z were calculated from Tables 1 and 2). Firstly, a
solution containing NH4F, aluminum(III) sulfate, iron(III) nitrate
and GaCl3 (their amounts were carefully calculated according to the
different ratios in Table 2 and added to the solution following
NH4F at the same time) was prepared and then the solution was
stirred at ambient temperature for 20 minutes. After obtaining a
clear solution, colloidal silica, NaOH, and TPAOH were added to
form a white gel. The gel was then aged at room temperature for
24 h at 300 rpm. The zeolites were crystallized dynamically at
180 1C for 72 h at 300 rpm followed by centrifuging, drying and
calcination at 550 1C for 6 h. H-ZSM-5 was obtained by ion-
exchanging the powder with NH4NO3 (1 M) at 80 1C two times,
followed by calcination at 550 1C for 6 h.

2.2. Characterization

XRD (X-ray diffraction) patterns were acquired on an Inel
EQUINOX 3000 X-ray diffractometer with Cu Ka radiation at
40 kV and 100 mA. All spectra were collected in the 2y = 7–501
range with a step size of 0.021.

Scanning electron microscopy (SEM) and energy dispersive
X-ray analysis (EDX) were performed to determine the presence
of various elements and the morphology of the zeolites. SEM and
EDX maps were obtained using a Zeiss Sigma VP field emission
scanning electron microscope (FE-SEM).

The textural properties of the synthesized catalysts were
characterized using a Micromeritics instrument from the BET
model by N2 adsorption–desorption at 77 K. The samples were
first outgassed under a vacuum (o0.5 Pa) for 7 h before N2

physisorption. The external surface areas were determined by
the Brunauer–Emmett–Teller (BET) method using the
desorption data in the relative pressure (p/p0) range of 0.01–
0.99. The pore size distribution and the contribution from both
micro- and mesoporosity were derived using the t-plot and the
Barrett–Joyner–Halenda (BJH) model.

NH3 temperature-programmed desorption (NH3-TPD) and
H2 temperature-programmed reduction (H2-TPR) were carried
out using a Micromeritics TPR/TPD 2900 chemisorption analyzer.
NH3-TPD and H2-TPR were used to determine the number and
strength of acid sites and evaluate the reducibility of the
synthesized catalysts, respectively. For NH3-TPD evaluation about
0.2 g of zeolite was pre-treated under a flow of He at 550 1C for 1 h
and then cooled down to 150 1C. Afterwards, ammonium was
introduced into the flow system. Finally, the TPD curves were
acquired using the NH3 saturated sample in the temperature
range of 150–600 1C at a ramping speed of 10 1C min�1. As for
the H2-TPR investigation, 0.2 g of zeolite was pre-treated at
500 1C under an N2 flow (30 mL min�1) and then cooled down

to 100 1C. Afterwards, the N2 flow was changed to a mixture of
H2/N2. The TPR profiles were then obtained by reducing the
samples under the mixture of H2 and N2 pulses (H2/N2 = 10%)
with temperature raised to 700 1C at a ramping rate of
10 1C min�1.

2.3. Catalytic performance

Catalytic tests for the catalytic cracking of n-hexane were
performed in a reactor with 5 microchannels with dimensions
of 50� 1� 1 mm at T = 600 1C and atmospheric pressure under
an N2 flow as the carrier gas. Each time the test was performed,
0.125 g of meshed zeolite (sieve fraction 150–250 mm) was
packed in the microchannels. The catalyst was activated
in situ by heating at 550 1C for 2 h in a 30 cc per min N2 flow.
The outlet gas was analyzed after an hour’s reaction. The
products were analyzed using an online gas chromatograph
(Shimadzu 2010 Plus GC) equipped with a flame ionization
detector (FID) with an HP-PLOT Al2O3 capillary column, every
hour during the 6 h of reaction.

2.4. D-Optimal experimental design

In order to improve the properties of ZSM-5 and optimize the
amount of substituted metals in the structure of the synthesized
catalysts, experimental design was used with three numerical
factors due to advantages such as reduced costs, a decreased
number of tests, a comprehensive review of the system under
study and the capability to optimize the desired values of the
answers with the input variables. In this research, the D-optimal
design method was applied to optimize the quantitative value of
the Si ratio to each of the substituted metals (Al, Fe and Ga) and
estimate the performance of the prepared catalysts in the
catalytic cracking of n-hexane. The main and interaction effects
along with the analysis of variance (ANOVA) on the conversion,
yield of alkanes, yield of propylene and ethylene and P/E
ratio were evaluated as quantitative responses. As shown in
Tables 1 and 2, Design-Expert software (Version 7.0.0) was used
to evaluate the responses of the Si/Al (A), Si/Fe (B) and Si/Ga
(C) factors with a sum of 12 experiments. The D-optimal
design of experiment and experimental results are displayed in

Fig. 1 XRD patterns of HZSM-5 catalysts synthesized using various
amounts of Al, Fe and Ga.
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Fig. 2 FE-SEM images of the zeolites.
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Tables 1 and 2. The experimental results were obtained by carrying
out the experiments randomly to avoid any systematic bias.

3. Results and discussion
3.1. Textural properties

In the X-ray patterns (Fig. 1), the peaks corresponding to Fe and
Ga oxides are not visible, which can result from the incorporation
of metals into the zeolite framework or at least the excellent
distribution of metals in the cavities and surface. In addition,
the typical peaks of the MFI topology structure were observed,
confirming the successful synthesis of pure zeolites.61

According to the SEM images (Fig. 2), all the synthesized
zeolites with various Si/M ratios showed the same uniform
spherical morphology resulting from the aggregation of nano-
spheres. The comparison of the particle sizes in Table 3 showed
that reducing the Si/Al ratio simultaneously with decreasing the
Si/Ga ratio caused a significant increment in the particle size
(FeGa-10). In contrast, reducing the Si/Ga ratio individually led
to a much smaller increase in the particle size (FeGa-2). On the
other hand, the simultaneous decrease of the Si/Ga and Si/Fe
ratios did not have a considerable effect on the particle size,
which probably indicates the synergistic nature of Fe and Ga
metals in the reduction of the particle size (FeGa-7). It seems
that increasing the amount of Ga along with a slight growth in

the amounts of Fe and Al in the zeolite structure reduces the
particle size by strengthening the nucleation and growth rate of
the crystals (FeGa-5).47 The atomic radii of Fe, Al, and Ga are
126, 143, and 135 pm, respectively. Considering the various
atomic radii of the metals, the particle size increased with the
increment of Al and Ga, but increasing Fe reduced the average
atomic radii of the formed particles and the particle size
decreased dramatically. In addition, careful observation of the
SEM images shows that no cloud-like layers were formed, which
generally indicates the presence of impurities and/or the
formation of metal oxides on the surface of the particles. As
observed in Fig. 3, the obtained maps of FeGa-13 synthesized
using equal amounts of metals demonstrated the symmetric
distribution of all metals in different parts of the particles.
According to the IUPAC classification, all synthesized zeolites
demonstrated a combination of type I and IV isotherms (Fig. 4)
accompanied by capillary condensation due to the sharp
uptake at very low pressure and hysteresis loop at higher
pressure (p/p0 4 0.4).45,47,62 The combination feature of the
isotherms indicates the coexistence of narrow micropores
(o1 nm) and mesopores (o2.5 nm) as well as wider mesopores
(44 nm), which is mainly due to the formation of homo-

Table 3 Particle size of the synthesized zeolites obtained from SEM
images

Catalyst sample Particle size (mm)

FeGa-1 6.5
FeGa-2 7.7
FeGa-3 9.2
FeGa-4 7.7
FeGa-5 1.3
FeGa-6 4.2
FeGa-7 4.9
FeGa-8 6.6
FeGa-9 8.8
FeGa-10 11.5
FeGa-11 9.5
FeGa-12 9.1
FeGa-13 3.2

Fig. 3 EDX maps of FeGa-13 for the Al, Fe and Ga elements.

Fig. 4 N2 adsorption–desorption isotherms of the samples.
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geneous nanocrystals. Moreover, according to Table 4, the
distribution of the micropore and mesopore volumes of the
samples confirms the pore size distribution and also the
simultaneous formation of type I and IV isotherms. This is in
agreement with the SEM results. Moreover, all synthesized
zeolites using different amounts of metals displayed a sharp
desorption peak in the range of p/p0 4 0/4, which is one of the
main features of H2 type hysteresis loops. The combination of
H2 and H4 type hysteresis loops (due to more pronounced
uptake at low p/p0) indicates the formation of smaller mesopores
and more interconnections between the crystals. In addition, the
combination of hysteresis loops represents neck obstruction of
the micropores and mesopores, most likely due to the formation
of non-framework species with the presence of Fe and Ga, which
have different inherent properties from Al. In addition, the H4

type hysteresis loop confirms the accumulation of ultra-uniform
nanocrystals, which is verified by the SEM results. Smaller
mesopores were also evident in the pore size distribution profiles
because the samples had a smaller number and smaller pore
size distribution, with the exception of sample FeGa-13. In FeGa-
13, Fe, Ga, and Al were probably more evenly distributed than
the other samples due to the equal amount of metals.

3.2. Acidic properties

Fig. 5 and Table 5 display the results obtained from NH3-TPD
analysis of the synthetic zeolites with different incorporated

amounts of Fe, Ga and Al. According to Tables 2 and 5, with
increasing the total amounts of substituted metals, the total
acidity increased remarkably (except for sample FeGa-5).
Samples FeGa-13, FeGa-7 and FeGa-10 clearly illustrated an
increase in the number of total acid sites with increasing the
amount of metals. FeGa-7 and FeGa-10 had a constant Si/Ga
ratio, but as the amount of the other metals changed, the total
acid sites increased. The comparison of the total acid sites of
the two samples (0.178 vs. 0.122 mmol g�1) demonstrated that,
as the amount of Fe increased, the total acidity increased to a
much greater extent than with the increment of Al. The
comparison of the corresponding temperature to the weak acid
site (WAS) zone (150–250 1C) also showed that, with increasing
the amount of metals, the strength of WAS increased due to the
desorption of ammonium at higher temperature. The comparison
of samples FeGa-7 and FeGa-10 with equal Si/Ga ratios showed
that the Fe and Al metals alone do not play a role in enhancing the
strength of WAS since the alteration in the amount of Fe and Al
did not cause a significant difference in the ammonium
desorption temperature corresponding to the WAS. However,
according to FeGa-2, increasing the amount of Ga increased the
strength of the WAS. Therefore, the amount of Ga is an influential
factor to enhance the strength of WAS, which is likely to improve
olefin production processes. The comparison of the ammonium
desorption temperature corresponding to the strong acid site
(SAS) zone (375–500 1C) showed that the strength of SAS, which
are predominantly related to the strong Brønsted acid sites
(SBAS),30,53 increased with increasing the amount of metals due
to the temperature shift toward higher temperatures. As observed
in the NH3-TPD plot of samples FeGa-7 and FeGa-10, the
temperatures corresponding to the SAS zone were equal to 409
and 417 1C, respectively, which indicates increasing the strength
of SAS in the sample with an increased amount of Al (FeGa-10).
The comparison of the number of WAS and SAS of the synthesized
zeolites using different ratios of Fe, Ga and Al showed attractive
consequences from the synergistic effect of Fe and Ga atoms.
According to Tables 2 and 5, increasing Ga alone led to a
significant increase in the number of WAS in sample FeGa-2.
On the other hand, increasing the amount of Al simultaneously
with Ga in equal amounts reduced the number of weak, strong
and total acid sites in the FeGa-10 sample. It was expected that in
this sample, due to the higher amount of metals incorporated into
the zeolite, the formation of more acid sites would be observed,
but, contrary to expectations, not only did the amount of total acid

Table 4 Textural properties of the zeolite samples

Catalyst SBET
a Sext

b Sext/SBET Vt
c Vmic

d Vmes
e df

FeGa-2 392 282 0.71 0.180 0.059 0.121 1.88
FeGa-7 391 280 0.71 0.180 0.059 0.121 1.90
FeGa-9 413 296 0.71 0.197 0.066 0.131 1.90
FeGa-10 400 289 0.72 0.180 0.062 0.118 1.86
FeGa-13 378 255 0.67 0.213 0.056 0.157 2.25

a The specific surface area (m2 g�1). b The external surface area (m2 g�1).
c The total pore volume (cm3 g�1). d The micropore volume (cm3 g�1).
e The mesopore volume (cm3 g�1). f The average pore diameter (nm).

Fig. 5 NH3-TPD plot of HZSM-5 catalysts synthesized using various
amounts of Al, Fe, and Ga.

Table 5 Concentration of weak and strong acid sites according to NH3-
TPD

Catalyst
Total acid
(mmol g�1)

Weak acid
(mmol g�1)

Strong acid
(mmol g�1)

TW
a

(1C) TS
b (1C) W/S

FeGa-2 0.140 0.090 0.050 210 414 1.80
FeGa-5 0.043 0.027 0.016 194 386 1.68
FeGa-7 0.178 0.117 0.061 202 409 1.91
FeGa-9 0.187 0.127 0.060 203 424 2.11
FeGa-10 0.122 0.087 0.040 201 417 2.05
FeGa-13 0.082 0.053 0.029 197 393 1.83

a The temperature related to the weak acidity zone. b The temperature
related to the strong acidity zone.
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sites decrease compared to sample FeGa-2, but the numbers of
SAS and WAS were also reduced. This phenomenon indicates the
undeniable effect of the Ga metal on the increasing active sites,
especially WAS, in the synthesis of ZSM-5 zeolites. In sample
FeGa-7, decreasing the amount of Al and increasing the amount
of Fe in equal proportions increased the number of total acid sites
as well as significantly increasing the number of WAS as the main
active centers to direct the reaction path toward the production of
light olefins, especially propylene.

Temperature programmed reduction via hydrogen analysis
was used to determine the distribution of Ga and Fe atoms. The
comparison of the H2-TPR curves of sample FeGa-5 and zeolites
incorporated with Fe and Ga metals alone is shown in Fig. 6.
According to the diagram, no peaks corresponding to Fe and Ga
species were observed. The reduction of extra-framework GaO+

to Ga+ at temperatures above 710 1C has clear peaks.
In addition, the reduction of Ga2O3 at a lower temperature in
the range of 500–570 1C possesses an obvious peak. The
reduction of iron oxides also shows peaks in the temperature
ranges of 300–400 1C and 400–700 1C. The absence of peaks in

these areas indicated the major incorporation of metals into
the structure of the synthesized zeolites and/or a lack of
reducible extra-framework gallium species. This phenomenon
has occurred due to the presence of NH4F as a mineralizer
agent as well as low amounts of Fe and Ga metals. The use of
this compound results in the formation of (NH4)3GaF6 solution, the
hydrolysis of which forms Ga(OH)3. The complete incorporation
of gallium hydroxide in the hydroxyl cavities and/or tetrahedral
structure of the zeolites has reduced or eliminated gallium oxides
or extra-structural species. Reducible extra-framework gallium
species, the absence of which is one of the intrinsic reasons for
the low selectivity of aromatics, are the active acid sites for the
production of aromatics via dehydrogenation processes. Therefore,
it can be claimed that the maximum modifications have been
made to reduce the production of aromatics. It should be noted
that the results of this analysis confirm those of the XRD and SEM
analyses.47

3.3. Analysis of variance

According to Table 6, a total of 12 experiments were performed
using the D-optimal method. Significant and insignificant
parameters can be determined using the Fischer variance ratios
of the parameter effect dispersion to the error dispersion. The
F-test is used to compare the statistical models with the
experimental data. The higher the fit between the model and
the data, the higher the exact value of F. In this research, a 95%
confidence interval has been used to evaluate the significance
of the parameters. Therefore, a probability value (p-value) of
0.05% would be a significant level in the F-tests for the inter-
pretation of the effects. In the present study, analysis of
variance was used to quantitatively investigate the effects of
the input variables on the responses. The results are presented
in the ANOVA table (Table 6).

The suitable R2 and high F-value of the model imply the
ability of the models for prediction of responses. F shows the
probability of model error; therefore, a small value of F
indicates that the model is correct. The polynomial predictive
models for the responses developed by the model are presented
in Table 7, based on the coded value.

Fig. 6 H2-TPR profiles of FeGa-5, FeZSM-5 and GaZSM-5.

Table 6 ANOVA result for the model

Source

Conversion (R1) Yield (C1–C4) (R2) Yield (C�2 –C�3 ) (R3) P/E (R4)

F value p-value F value p-value F value p-value F value p-value

Model 82.15 o0.0001 23.59 0.0002 47.52 o0.0001 13.44 0.0011
A 316.31 o0.0001 33.52 0.0002 102.10 o0.0001 23.45 0.0009
B 205.33 o0.0001 20.76 0.0010 81.72 0.0001 12.63 0.0062
C 87.62 0.0002 — — 90.33 o0.0001 — —
AB — — — — — — — —
AC 40.86 0.0014 — — 31.60 0.0014 — —
BC 20.17 0.0065 — — — — — —
A2 36.79 0.0018 — — 21.48 0.0036 — —
B2 — — — — — — — —
C2 27.63 0.0033 — — 6.71 0.0412 9.14 0.0144
Model statistics
R2 0.9914 0.8251 0.9794 0.8175
R2 adj. 0.9793 0.7901 0.9588 0.7567
R2 pred. 0.9103 0.7238 0.8855 0.6587
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3.3.1. Regression model. To implement the D-optimal
method, a mathematical model must first be selected to
correlate the independent variables with the dependent ones.
In this research, the most common method, namely the
quadratic model of the equation, was used. In D-optimal
design, it is possible to modify the quadratic model in any
way. Thus, in the case of insignificant effects, some parameters
can be removed without negatively affecting the results.

The general form of the quadratic model is presented as
eqn (1). In this equation, Y is the studied response, Xi and Xj are
the variables considered in the study and b0, bi and bji are the

estimated coefficients. A combination of factors (such as XiXj)
represents the interactions between the individual factors in
that term.

Y ¼ b0 þ
Xk

i¼1
biXi þ

Xk

i¼2
biiXi

2 þ
X
P

io j

bijXiXj þ e (1)

The experimental results and the predicted coefficients of the
equation for the system responses are shown in Fig. 7.
As observed, the predicted coefficients are in good agreement
with the experimental values obtained from the experiments

Table 7 Final models in terms of actual factors for responses

Responses Final model

Conversion (R1) R-square 0.9914 R1 = + 86.04 � 7.94 � A + 6.38 � B �3.99 � C � 3.34 � A � C
+ 2.35 � B � C � 4.83 � A2+ 4.35 � C2Adjusted R-square 0.9793

Predicted R-square 0.9103
Yield (C1–C4) (R2) R-square 0.8271 R2 = + 23.47 � 3.49 � A + 2.74 � B

Adjusted R-square 0.7901
Predicted R-square 0.7238

Yield (C=
2–C=

3) (R3) R-square 0.9794 R3 = + 46.87 � 3.77 � A + 3.50 � B � 3.53 � C � 2.55 � A � C
� 3.18 � A2 + 1.84 � C2Adjusted R-square 0.9588

Predicted R-square 0.8855
P/E (R4) R-square 0.8175 R4 = + 3.36 + 0.56 � A � 0.41 � B � 0.63 � C2

Adjusted R-square 0.7567
Predicted R-square 0.6581

Fig. 7 Comparison of the experimental and predicted values using the equation of the models.
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with respect to the appropriate values obtained for the
R-square, and adjusted and predicted R-square parameters
(Table 7). Therefore, these models are the basis for interpreting
the obtained relations Y = f (A, B, C).

(a) Si/Al effect. According to Table 6, the amount of Al has
the strongest impact on all responses because the relevant
corresponding F-value is higher than all other factors. In fact,
SAS, which are mainly composed of skeleton Si–O–Al, are the
most important factors in the study of a catalytic process.26,63

According to Fig. 8, the conversion of hexane was diminished
due to the increase of the Si/Al ratio from the approximate
range of 200, which can be mainly related to the substantial
reduction in the number and strength of SBAS by decreasing Al
in the structure.32,64 The yield of light alkanes was also reduced
by increasing the Si/Al ratio due to the reduction in the strength
and amount of acid sites, especially SBAS, which are the main
centers of hydrogenation/protonation reactions and cracking of
heavy alkanes to lighter alkanes.65,66 According to Fig. 8, the
production efficiency of propylene and ethylene decreased with
reducing the amount of Al. On the other hand, the P/E ratio
increased. According to recent studies, the selectivity of ethylene
and that of propylene act in the opposite direction, mainly due to
the difference in the weak/strong acid sites. Increasing the W/S

ratio increased the selectivity of ethylene, but decreased the
selectivity of propylene, while decreasing the W/S ratio led to
increased selectivity of propylene and decreased selectivity of
ethylene. On the other hand, the decrease of Al in ZSM-5
decreases the W/S ratio, which is probably due to the reduction
of non-framework Al.67 Extra-structural Al increases the W/S
ratio by increasing the formation of weak LAS. Therefore, in
the synthesized zeolites, with decreasing the Al amount, the W/S
ratio decreased, leading to the increase of the P/E ratio. As shown
in Fig. 8, the reduction of the Al amount reduced the yield of
light olefins by reducing the total number of acid sites, especially
the weak Brønsted and Lewis acid sites, which are the most
considerable active centers in the formation of light olefins by
partial dehydrogenation reactions.10

(b) Si/Fe effect. Table 6 shows that the amount of Fe affects
all responses. However, it is less effective in all responses
compared with Al and even less effective in the production
efficiency of light olefins compared with Ga, mainly due to the
lower dissociation ability of protons in Si–OH–Fe.

As shown in Fig. 9, decreasing the amount of Fe in the
synthesized zeolites led to the linear enhancement of the
catalytic activity. In fact, this result showed that increasing
the amount of Fe reduced the number and/or strength of SBAS

Fig. 8 Effect of the Si/Al main parameter on the responses.

NJC Paper

Pu
bl

is
he

d 
on

 2
8 

Ju
ne

 2
02

1.
 D

ow
nl

oa
de

d 
on

 8
/1

2/
20

21
 1

:3
7:

43
 P

M
. 

View Article Online

https://doi.org/10.1039/d1nj01866c


13842 |  New J. Chem., 2021, 45, 13833–13846 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

as the main sites of alkane cracking.54 Recent studies showed
that increasing Fe reduced the WAS and SAS and increased the
moderate acid sites in ZSM-5, which ultimately increased the
total acid sites. Therefore, the main increase in the number of
acid sites is related to the moderate and WAS, which have a
limited effect on the process of cracking of alkanes. The
principal presence of Fe in the structure of the zeolites was
confirmed by H2-TPR analysis. Therefore, the only reason for
decreasing the catalyst activity by increasing Fe was the
decreased strength of SBAS, which was related to the increase
of the H+ bond strength in Si–OH–Fe.53,68 In fact, it seems that
with increasing Fe the proton bond in the tetrahedral structure of
MFI becomes stronger and its separation requires more energy for
hexane cracking by hydrogenation processes, ultimately leading to
the reduction of hexane cracking.69 Moreover, the reduction of Fe
increased the yield of alkanes probably due to the increased
hydrogenation reactions caused by SBAS. Indeed, the reduction
of Fe by increasing the strength of acid sites due to structural
proton cleavage increased the hydrogen transfer reactions and
consequently the cracking of hexane to lighter alkanes. According
to Fig. 9, the reduction of Fe increased the production efficiency of
light olefins. In addition, according to the results of hexane
conversion and the yield of alkanes, it seems that, with the
reduction of Fe, the strength of SBAS increased, which showed
its effect in increasing the selectivity of ethylene. As shown in
Fig. 9, the P/E ratio decreased with increasing the Si/Fe ratio,

which means the increase of ethylene production and decrease of
propylene production with the reduction of Fe. Reduction of Fe
with increasing the partial dehydrogenation and methylation
increased the yield of propylene and ethylene. However, lighter
products such as ethylene were produced more due to the higher
strength of SBAS.

(c) Si/Ga effect. According to Table 6, the amount of Ga had
the lowest effect on the responses and probably had no effect
on the yield of alkanes and the P/E ratio, mainly due to the
unique intrinsic properties of Ga, such as the low cation
electronegativity.70

The amount of Ga in the catalytic cracking of hexane
demonstrated a much more complex effect than other metals.
According to Fig. 10, increasing the Si/Ga ratio to the approximate
range of 300 reduced the catalyst activity. However, upon a further
decrease of Ga, the hexane conversion increased. In synthetic
zeolites, Ga is placed in three forms of tetrahedral substituted in
the structure, and gallium oxides and extra-framework Ga species
in the cavities, the last being the main acid site for dehydro-
cyclization reactions in the olefin and aromatic production
processes.71–73 Investigations revealed that decreasing the amount
of Ga in synthesized ZSM-5 increased the amount of gallium
oxides and extra-framework Ga species.74 Therefore, the decrease
of Ga to the ratio of Si/Ga = 300 increases the formation of extra-
framework species. However, by creating extra-framework species,

Fig. 9 Effect of the Si/Fe main parameter on the responses.
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hexane cracking may be improved at the surface centers before
entering the cavities, which ultimately enhances the catalyst
activity. According to Fig. 10, with increasing the Si/Ga ratio to
approximately 260, the P/E ratio is increased, but then decreased,
which means a decrease in propylene and an increase in ethylene
production. The Al cation is more electronegative than Ga. Thus
the resulting acid strength of the Ga cation is much weaker.74,75

Therefore, with increasing Ga, it seems that the WAS increase the
propylene production by methylation reactions. However, from a
certain proportion onwards, where extra-framework sites are
increased, far more propylene is formed by methylation of
ethylene in the cavities. However, the production efficiency of
light olefins decreases linearly with decreasing Ga, indicating the
formation of weak and moderate acid sites with increasing Si/Ga
ratio. In fact, minor changes from a certain ratio onwards could
not affect the overall yield of light olefins, but only enhance partial
methylation and dehydrogenation by creating WAS outside the
structure.

3.3.2. Interactions. According to Table 6, the amounts of
Fe and Ga interact only in the catalytic activity. Fig. 11 shows
the effect of variations in Fe in the upper and lower limits of the
Si/Ga ratio on the conversion. According to Fig. 11, the decrease
in the amount of Fe in both limits increased the activity.
Moreover, the conversion of hexane increased with increasing
the Si/Fe ratio in the upper and lower limits. In fact, as the
amount of Fe decreased, the strength of SBAS increased,

ultimately increasing the catalyst activity even though the
amount of Ga was reduced in the upper limit, which confirms
the effect of Fe.

According to the interactions of Al and Ga in the catalytic
activity (Fig. 11), the reduction of Al decreased the catalytic
activity in both the upper and lower limits of the Si/Ga ratio,
and increased the difference of hexane conversion between
the upper and lower limits. At Si/Al ratios below 180, due to the
high catalytic activity at a low Si/Ga ratio, less Ga increased the
conversion, but more Ga showed more activity. In addition,
increasing the Si/Al ratio at both the upper and lower limits of
the Si/Ga ratio reduced the total yield of light olefins and
increased the distance between the yields of light olefins at
the upper and lower limits of the Si/Ga ratio. At the lower limit
of the Si/Ga ratio up the Si/Al = 300, decreasing the amount of
Ga increased the yield of light olefins until Si/Al = 300, and then
decreased the yield of light olefins with a slower slope in
comparison with the upper limit. This phenomenon confirms
the results obtained from the effect of Ga on the yield of light
olefins, because the increase of Ga, a cation with weaker
electronegativity, creates more WAS, which are the main
centers for the formation of light olefins.

3.3.3. Optimization of the Si/metal ratios. Due to the
importance of the responses, the data were optimized using
Design Expert software. The optimization was performed in
four modes: (1) optimization with the aim of maximum

Fig. 10 Effect of the Si/Ga main parameter on the responses.
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conversion, (2) optimization with the aim of the minimum yield
of alkanes, (3) optimization with the aim of the maximum
yield of light olefins and (4) optimization with the aim of the
maximum P/E ratio. As observed in Table 8, the optimal
conditions in the two cases of maximum conversion and
maximum yield of light olefins were equal. On the other hand,
the significance of the responses corresponding to the
maximum conversion and maximum yield of light olefins is
higher than that of the other two responses. Therefore,
considering the significance of light olefins and the subsequent
catalytic activity, the optimal catalyst conditions can be defined
as follows: Si/Al = 110; Si/Fe = 377; Si/Ga = 123.

4. Conclusions

In this work, the synergistic effect of incorporating Fe and Ga
into the ZSM-5 structure in the production of light olefins

from n-hexane was completely investigated. Nano zeolites
were synthesized in fluorine medium using colloidal
silica and TPAOH to maximize the incorporation of metals in
the structure. Experimental design by the D-optimal method
was utilized to investigate the effect of three factors on four
responses. The predicted values of the D-optimal experimental
design showed acceptable agreement with the experimental
results along with appropriate R2, R2 adjusted and R2 predicted.
The study of the structural properties showed the
synergistic effect of Fe and Ga on the reduction of the
particle size by increasing the nucleation rate, which was
probably due to the variation in atomic radii. In addition,
the absence of extra-framework species of Ga and Fe was
confirmed by studying the acidic properties, and Fe, Al and
Ga increased the number of total acid sites, the strength of SAS
and the strength of WAS, respectively. The simultaneous
presence of Fe and Ga also improved the number of
WAS. The optimal conditions for obtaining the maximum
conversion, light olefins, and P/E ratio and minimum
alkanes as the responses were Si/Al = 110; Si/Fe = 377; Si/
Ga = 123.

Conflicts of interest
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Fig. 11 Valid interactions.

Table 8 Optimization conditions

Response Quantity
Si/
Al

Si/
Fe

Si/
Ga Conversion YAlkanes YOlefins

P/
E

Conversion Maximum 110 377 123 96.8 29.0 52.8 2.0
YAlkanes Minimum 370 130 130 81.1 18.5 44.6 3.7
YOlefins Maximum 110 377 123 96.8 29.0 52.8 2.0
P/E Maximum 317 123 263 75.5 19.6 41.2 4.0
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59 J. Sjöblom, K. Papadakis, D. Creaser and C. I. Odenbrand,
Catal. Today, 2005, 100, 243–248.

60 G. B. Ferraris, P. Forzatti, G. Emig and H. Hofmann, Chem.
Eng. Sci., 1984, 39, 81–85.

61 R. Feng, X. Yan, X. Hu, Y. Zhang, J. Wu and Z. Yan, Appl.
Catal., A, 2020, 594, 117464.

62 M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier,
F. Rodriguez-Reinoso, J. Rouquerol and K. S. Sing, Pure
Appl. Chem., 2015, 87, 1051–1069.

63 T. Biligetu, Y. Wang, T. Nishitoba, R. Otomo, S. Park,
H. Mochizuki, J. N. Kondo, T. Tatsumi and T. Yokoi,
J. Catal., 2017, 353, 1–10.

64 Y.-H. Yeh, R. J. Gorte, S. Rangarajan and M. Mavrikakis,
J. Phys. Chem. C, 2016, 120, 12132–12138.

65 S. Park, T. Biligetu, Y. Wang, T. Nishitoba, J. N. Kondo and
T. Yokoi, Catal. Today, 2018, 303, 64–70.

66 M. Bernauer, E. Tabor, V. Pashkova, D. Kaucký,
Z. Sobalı́k, B. Wichterlová and J. Dedecek, J. Catal.,
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